Auditory neuropathy (AN) is defined as a sensorineural hearing impairment (HI) characterized by preserved cochlear outer hair cell function with normal otoacoustic emissions but abnormal or absent brainstem evoked potentials. The prevalence of AN in HIs remains to be established and its pathophysiology has not been determined. Several environmental and genetic causes have been identified, but the majority of cases remain unexplained. In the last 10 years, many genes have been identified in isolated and/or syndromic HI. Some of them ( OTOF, PJVK, DIAPH3, OPA1, FXN, PMP22, ERCC6, ERCC8, SLC19A2 and TIMM8A, for example) are responsible for phenotypes corresponding to the AN definition. This review will focus on isolated and syndromic forms of AN for which the causative genes have been identified.
tries, 60-80% of congenital deafness cases have a genetic cause [Fraser, 1964; Marazita et al., 1993] . Both syndromic and nonsyndromic HIs are generally monogenic disorders, but with a large genetic heterogeneity. To date, 50 loci have been identified for nonsyndromic autosomal dominant HI and 65 for recessive HI [Petit, 2006] . Estimations suggest that 1 250 genes for each syndromic and nonsyndromic inheritance mode may be involved, meaning that a majority remains to be identified. Therefore, genetic deafness covers a vast set of rare disorders generally described in a single family.
Once infectious and toxic fetal disorders are excluded, syndromic HI is usually a genetic disorder. The first edition of Gorlin and Pindborg's [1964] reference work Syndromes of the Head and Neck , published in 1964, described less than a hundred distinct disorders including HI as one of the signs. The latest edition, the 5th edition of Gorlin's Syndromes of the Head and Neck (Oxford Monographs on Medical Genetics), published in 2010, includes 450 HI syndromes and additional clinical features that can affect virtually any organ [Hennekam et al., 2010] . Over the last decade, genes responsible for several hundreds of syndromic forms of HI have been localized to human chromosomes, and 1 100 have been identified.
Auditory neuropathy (AN), initially defined in 1996 by Starr et al. [1996] , describes an HI characterized by normal otoacoustic emissions (OAEs) associated with abnormal or absent click-evoked auditory brainstem responses (ABRs). AN patients present with mild-toprofound uni-or bilateral HI. The localization of the lesion can range from inner hair cell (HC) synapses (synaptopathy) to the spiral ganglion (neuropathy). Cochlear microphonic potentials can differentiate inner ear and nerve defects, but this technique is rarely used in clinical practice. The precise prevalence of AN in HI patients ranges from 1 to 1 5% according to different studies [Lotfi and Mehrkian, 2007; Rodríguez Domínguez et al., 2007; Wang et al., 2007] . Both environmental factors (prematurity, low birth weight, infection during pregnancy, or hyperbilirubinemia) and genetic causes have already been associated with AN [Foerst et al., 2006; Beutner et al., 2007] . Three reviews have been published about genetics and AN [Kaga and Starr, 2009; Santarelli, 2010; Manchaiah et al., 2011] . The possible mechanisms underlying both the alteration of auditory nerve discharge for mutations in individual genes and a better understanding of the genetic pathophysiological basis for this disorder were discussed in these reviews.
This complementary study will focus on both nonsyndromic and syndromic forms of AN for which the causative genes have been identified in humans.
Nonsyndromic ANs
Autosomal Recessive Inheritance OTOF , encoding otoferlin, was the first gene (OMIM 603681) identified in an HI associated with AN [Varga et al., 2003] . The recessive deafness associated with OTOF had previously been localized to chromosome 2p23.1 and named DFNB9 (OMIM 601017). This nonsyndromic bilateral congenital severe-to-profound deafness is characterized by initially preserved OAEs without recordable ABRs. No malformation was revealed by magnetic resonance imaging or temporal bone computerized tomography scans. However, OAEs disappear with time and electrophysiological testing is consistent with a cochlear defect. More than 50 pathogenic OTOF mutations have already been reported [Rodríguez-Ballesteros et al., 2008; Romanos et al., 2009; Chiu et al., 2010; Wang et al., 2010; Zadro et al., 2010] . Two recurrent mutations were described, one nonsense mutation (p.Q829X) [Migliosi et al., 2002] and one missense mutation (p.E1700Q) [Chiu et al., 2010] . The p.Q829X mutation, which replaces the glutamine residue at position 829 by a premature termination codon, was found in 3% of nonsyndromic profound prelingual HI in Spain [Rodríguez-Ballesteros et al., 2003 .
The missense mutation (p.E1700Q) was predominantly identified in Taiwanese patients [Chiu et al., 2010] . In adult mice, otoferlin is expressed both in cochlear and vestibular HCs. In the organ of Corti, otoferlin is strongly expressed in cochlear inner HCs and weakly in the outer HCs during the early stages of embryonic development. Later on, no expression is detected in outer HCs. Indeed, normal OAEs are transmitted despite a profound auditory deficit. Within the inner HCs, otoferlin plays a role in the exocytosis of synaptic vesicles released to the afferent synapse . Three transgenic models of otoferlin-deficient mice have been developed, one by engineered knockout and two others by N-ethyl N-nitrosourea mutagenesis to deactivate the functional domains of the protein Longo-Guess et al., 2007; Pangrsic et al., 2010] . Affected mice present with profound bilateral deafness and preserved OAEs. Auditory nerves respond to direct electrical stimulation, thus indicating that the afferent neuronal auditory system has been preserved. Hence, patients carrying OTOF mutations present a HC synaptopathy. The DFNB9-linked auditory deficit is in the cochlear region, which is corroborated by performances after cochlear implantation similar to other implanted children [Rodríguez-Ballesteros et al., 2003; Rouillon et al., 2006] . It was noted that OTOF is also mutated in patients affected with temperaturesensitive nonsyndromic recessive AN [Varga et al., 2006; Romanos et al., 2009; Marlin et al., 2010; Wang et al., 2010] .
The gene PJVK encoding pejvakin (OMIM 610219), which is deficient in DFNB59, has been localized on chromosome 2q31.1-q31.3 and identified (OMIM 610220). Homozygous mutations co-segregating with the disease have been first identified in two consanguineous Iranian families [Delmaghani et al., 2006] . The two families came from the same geographically isolated region of Iran. Affected subjects all present with nonsyndromic sensorineural profound prelingual HI. In one family, affected individuals presented with profound deafness involving all frequencies. For the second one, pure-tone audiometry in affected subjects showed flat audiograms with hearing levels characteristic of severe HI. ABR records were unavailable for 6 patients affected by profound deafness, while in the 6 other patients (severe HI with flat curves), ABR thresholds were 80-100 dB with an increase in wave V latency (the only wave that could be identified). OAEs were present in 11 of the 12 patients. An in-depth clinical characterization could not be conducted for two remaining families. Both homozygous pejvakin mutations identified were missense mutations. In three families, the mutation resulted in the substitution of an arginine residue by a tryptophan residue at position 183 (p.R183W). In the fourth family, the mutation involved a threonine at position 54 that was replaced by an isoleucine (p.T54I). The p.R183W mutation was also found in a Turkish family [Collin et al., 2007] . Surprisingly, for this patient, ABRs and OAEs were absent (contrary to the 3 Iranian patients), suggesting that the function of outer HC is distorted [Collin et al., 2007] . Genetic and/or environmental factors may play a role to explain this discrepancy. Indeed, the functional role of pejvakin remains unknown. A transgenic mouse was created with the p.R183W mutation in order to test its pathogenicity. All homozygous mutant mice developed moderate HI. Their ABRs were characterized by reduced amplitude and increased latency for all waves. These anomalies were generally found equally across the whole spectrum of recorded frequencies, and sometimes exclusively in the midrange frequencies. All mutant mice had OAEs. No vestibular anomalies could be identified. The auditory deficit remained stable over time. Ultrastructural analysis (electron microscopy) of the cochlea revealed no anomalies. A more recent study revealed that pejvakin expression was limited to the cochlea, spiral ganglion, vestibule and the first three relays of the auditory pathway. Therefore, pejvakin appeared to be the first protein involved in a nonsyndromic form of retrocochlear AN. Recently, homozygous pejvakin mutations have been identified in two consanguineous families (a deletion in an Iranian family and an insertion in a Moroccan family) [Ebermann et al., 2007] . In the Iranian family, HI progressed from moderate to profound. Unfortunately, no ABRs or OAEs were available for these patients. In the Moroccan family, HI was progressive with a cochlear origin. Indeed, the authors reported moderate-to-profound deafness with no OAEs, nonrecordable ABRs and absence of microphonic potentials. Functional tests also suggested a central vestibular disorder in deaf patients. Another murine model of a pejvakin disorder has been reported recently [Schwander et al., 2007] . ' Sirtaki ' mice carried a homozygous point mutation that introduces an A ] T transversion leading to a premature stop codon at amino acid 290 (p.K290X). These mice presented with profound progressive bilateral deafness. The authors reported that the auditory deficit was localized in both cochlear and afferent neurons. OAEs were absent, although increased ABR wave latencies were noted without ultrastructural defects. Thus, different mutations in the same gene can lead to heterogeneous phenotypes.
Mitochondrial Inheritance
Mitochondrial defects can be identified in both syndromic and nonsyndromic deafness. The common feature of these radically different expression patterns of the same mutation is the mitochondrial or 'maternal' mode of inheritance. In fact, it is the genotype that is inherited (the mitochondrial mutation), since the phenotype will depend on several factors, including heteroplasmy (the variable proportion of mitochondrial DNA mutated between two tissues). The m.1095T ] C (T1095C) mutation was identified in a Chinese patient presenting with nonsyndromic AN beginning in his twenties. Speech discrimination was more strongly altered than the hearing level. Moderate bilateral perception HI, nonrecordable ABRs and conserved OAEs were observed in this patient . Complete clinical examination did not reveal any other neurological disorder.
The mitochondrial m.1095T ] C mutation had also been reported in a family where AN was associated with neurological disorders (Parkinson's disease and neuropathy) [Thyagarajan et al., 2000] . In conclusion, mitochondrial mutations can lead to pure AN but, depending on the mutation, AN can be associated with other progressive clinical signs which should be systematically screened.
Autosomal Dominant Inheritance
A linkage study carried out in a large American family of European descent suggested the existence of an autosomal dominant nonsyndromic AN. The locus was mapped to chromosome 13q14-q21 [Kim et al., 2004] . Average age at onset was 19 years. All affected members of the family were compound heterozygous for the locus, except for 2 homozygous individuals whose parents were consanguineous. However, no apparent clinical features differentiated their phenotype from that of the compound heterozygotes, except for an earlier age at onset (8 and 9 years compared to 19 years, respectively) [Kim et al., 2004] . The PCDH9 gene, located in the AUNA1 candidate interval, was not found to be responsible for autosomal dominant AN [Grati et al., 2009] . The corresponding gene, named AUNA1 , has been characterized recently. Indeed, a mutation in the DIAPH3 gene is responsible for AUNA1 [Schoen et al., 2010] . One mutation was found in a highly conserved region of the 5 -untranslated region (c.-172G ] A). This mutation seems to upregulate DIAPH3 expression.
Major Syndromic ANs

An Example of Autosomal Recessive Inheritance
Friedreich's ataxia (OMIM 229300) is one of the most common forms of autosomal recessive ataxia. Frataxin (FXN), the deficient protein, is encoded by the FXN gene located on chromosome 9q13. Friedreich's ataxia is the only neurodegenerative disorder caused by expanded triplet repeats (GAA triplets) in the homozygous state. Initial diagnosis is based on clinical data and criteria established by Harding [1981] : autosomal recessive inheritance, clinical signs appearing before 25 years of age, progressive distal ataxia, loss of myotatic reflexes and electrophysiological signs of axonal neuropathy. This progressive disorder may also include dysarthria, absent deep tendon reflexes, loss of vibrational and proprioceptive sensation, and pyramidal signs. Later on, cardiomyopathy sets in, which differentiates it from other types of ataxia. Less frequently, deafness, optic atrophy and glucose intolerance or diabetes may occur. Various kinds of vestibular disorders have also been reported [Ell et al., 1984] .
HI is present in around 7-8% of cases [López-Díaz-de-León et al., 2003] . The severity of HI can range from moderate to profound; can be either uni-or bilateral, and is predominantly affecting low frequencies. The deficit is generally progressive. AN could be present with abnormal ABRs associated with conserved OAEs. Despite few alterations in tone audiometry, patients complain of poor auditory discrimination, particularly in noisy environments. The ABRs demonstrated a severe dysfunction involving the cochlear nerve and brainstem since the early stages of disease. Some reports proposed that the absence of recordable ABRs in certain cases may be due to desynchronization of the cochlear nerve fibers. As suggested by the neurological pathophysiology of the disease, the lesion usually starts at the spiral ganglion and spreads towards the proximal auditory nerve clusters. Neuropathological studies have revealed neuronal loss in the cochlear nucleus, the spiral ganglion and the superior olivary nucleus. Some authors have also used 'vestibular neuropathy' to define the heterogeneous signals recorded in vestibular tests [Fujikawa and Starr, 2000] .
A Genetically Heterogeneous Example (Dominant Recessive and Dominant X-Linked Inheritance)
Charcot-Marie-Tooth disease (CMT) is the most common inherited neuropathy and also the most heterogeneous one ( 1 50 different nerve genetic disorders and 35 identified genes). The main autosomal dominant form is due to the duplication of a 1.5-Mb chromosomal segment on chromosome 17 (CMT1a; OMIM 118220). This segment contains the gene encoding the PMP22 myelin protein, and its overexpression (3 copies instead of 2) causes extensive demyelination of the peripheral nerves specifically associated with CMT1a. This major form accounts for 1 70% of autosomal dominant CMTs. The severity of symptoms is highly variable. Patients can present with a progressive paresis of the lower limbs, generally beginning in late adolescence, steppage gait while walking and peroneal muscular atrophy. CMT is progressive, possibly spreading to the upper limbs in the later stages. Patients also experience shooting pain that can become paroxysmal. Approximately 3% of the patients become wheel chair bound. Hearing loss is not rare and can occur later on [Azzedine et al., 2003; Senderek et al., 2003] .
Mutations in the P0 or MPZ gene encoding another myelin protein, located on chromosome 1q22 (OMIM 159440), are also implicated in a similar dominant polyneuropathy. A third relatively homologous, X-linked dominant form has been attributed to mutations in the GJB1 gene encoding connexin 32 (OMIM 302800). Sensorineural HI was associated with polyneuropathies in both CMT1a and other CMT types [Verhagen et al., 2005] . Finally, another autosomal recessive disorder was found in a Slovenian Roma (Gypsy) kindred originating from Bulgaria, Hungary and Romania. In this form, HI starts before adolescence, whereas in classical CMT the deafness sets in later (CMT-Lom; OMIM 601455) [Butinar et al., 1999] . The severity of the HI varies from mild to profound, depending on the family and the patient's age. The HI affects speech comprehension out of proportion to the pure tone loss. Present OAEs are sometimes associated with nonrecordable or highly altered ABRs. Progressive deafness in a MPZ mutation carrier family was the first sign of CMT disease, preceding signs of peripheral neuropathy 1 10 years [Seeman et al., 2004] .
An Example of a Dominant Disorder
Autosomal dominant optic atrophy (OMIM 165500) is characterized by a progressive decline in visual acuity and a loss of color vision. Onset usually occurs between 4 and 6 years. Dilated fundus examination showed optic nerve pallor. OPA1 , the gene mapping to 3q28, is responsible for most autosomal dominant optic atrophy cases. More than 60 different OPA1 mutations have been identified. OPA1 encodes a mitochondrial dynamin-related protein which is thought to play a key role in the balance between mitochondrial fusion and fission events. It appears that the OPA1 missense mutation p.R445H may be associated with early-onset sensorineural deafness ( ! 10 years old), ptosis and ophthalmoplegia, in addition to the classically observed optic atrophy [Amati-Bonneau et al., 2005] . HI is progressive and may be asymmetrical. Audiological tests leaned towards an AN with preserved OAEs and nonrecordable ABRs, or both desynchronized ABRs and OAEs. Word discrimination is essentially more altered than the level of HI identified through tone audiometry testing would suggest. In the guinea pig inner ear, OPA1 is localized in sensory and neural cells, suggesting cochlear and spiral ganglion impairments. In 1 Japanese patient with a mutation in the OPA1 gene, vestibular dysfunction was reported [Mizutari et al., 2010] . This observation suggests that vestibular evaluation should be performed in AN patients carrying the OPA1 mutation.
Other Syndromic Forms
More recently, one nonsense mutation in the TMEM126A gene, found in a consanguineous Algerian family, caused autosomal recessive optic atrophy and AN [Meyer et al., 2010] . Patients present with normal OAEs but abnormal ABRs. Similarly, 2 cases of Leber's hereditary optic neuropathy with AN have been reported [Ceranić and Luxon, 2004] . However, in both cases, it would be only an uncommon finding [Yu-Wai-Man et al., 2008] . Numerous loci implicated in syndromic deafness remain uncharacterized. Differentiating cochlear from central deafness and 'genuine' AN with auditory nerve disorders may be difficult. Syndromes affecting the central nervous system can affect cochlear and retrocochlear functions either concomitantly or successively. The three following examples illustrate the diversity in lesion sites.
Cockayne syndrome (OMIM 216400) is a rare multisystemic autosomal recessive disorder characterized by early postnatal growth retardation with a background of premature aging of many organs. Patients present with early progeroid facial features (emaciated face/eyes sunk deep in the orbit) together with progressive microcephaly, cataract with retinitis pigmentosa, photosensitivity and HI. Interindividual variability has also been observed. Two genes, CSA (ERCC8) located on chromosome 5q12.1 and CSB (ERCC6) located on chromosome 10q11.23, are involved in the Cockayne syndrome. Both genes are implicated in DNA replication. They trigger the cell to apoptosis by altering the DNA replication process. Chromosome breaks can be detected following UV irradiation. In half of Cockayne syndrome patients, HI is reported [Gandolfi et al., 1984] . However, the exact site of HI has not been clearly identified yet. ABRs are always abnormal. Postmortem neuropathological investigations have highlighted both peripheral (cochlear neuroepithelium and spiral ganglion) and central (damage to all three auditory nuclei) disease. The authors suggested a potential central synaptic atrophy secondary to peripheral degeneration. Differentiating AN from central deafness is complex, even in the presence of neuropathological data.
The Mohr-Tranebjaerg syndrome (OMIM 304700) was initially reported as the first nonsyndromic X-linked recessive deafness (DFN-1). However, the deafness was later shown to be part of a progressive syndrome that included visual disability leading to cortical blindness, abnormal dystonia-type movements and other neurological signs, such as spastic paraparesis, fractures, and mental retardation or dementia [Tranebjaerg et al., 1992] . Deafness usually occurs early in life, during the prelingual or early postlingual period [Binder et al., 2003 ]. The Mohr-Tranebjaerg syndrome is caused by mutation in the TIMM8A (DDP) gene. The DDP protein is localized in the mitochondrial intermembrane space, promoting mitochondrial protein import of certain precursors. Bahmad et al. [2007] described for the first time the Mohr-Tranebjaerg syndrome as a true AN. In 1 Norwegian family, all 4 affected patients carried the p.Q38fsX64 mutation. ABRs showed mixed cochlear and retrocochlear pathology, while OAEs tended to be absent. PET scans highlighted a decreased metabolism in the cortical temporal areas and basal ganglia. In conclusion, AN associated with syndromic deafness can coexist with an apparently intact cochlear structure.
Linkage analysis in a Chinese family identified a locus responsible for X-linked recessive AN and diffuse peripheral neuropathy, AUNX1 , mapped to Xq23-27.3 [Wang et al., 2006] . The degree of HI varied from mild to severe with diminution of OAEs and absence of ABRs from disease onset. More recently, AQP3 was no longer regarded responsible for X-linked recessive inheritance .
Conclusion
The examples outlined above illustrate the exceptionally variable nature of AN, where genetically determined ANs remain exceptional diseases. Most of them are syndromic and often associate with other neurological disorders that should therefore be screened on a routine basis. An in-depth clinical characterization of hereditary HI will almost certainly lead to the rapid identification of new syndromic and nonsyndromic ANs.
